T lymphocytes are an essential component of the immune response against HSV infection. We previously reported that T cells became functionally impaired or inactivated after contacting HSV-infected fibroblasts. In our current study, we investigate the mechanisms of inactivation. We report that HSV-infected fibroblasts or HSV alone can inactivate T cells by profoundly inhibiting TCR signal transduction. Inactivation requires HSV penetration into T cells but not de novo transcription or translation. In HSV-inactivated T cells stimulated through the TCR, phosphorylation of Zap70 occurs normally. However, TCR signaling is inhibited at linker for activation of T cells (LAT) and at steps distal to LAT in the TCR signal cascade including inhibition of calcium flux and inhibition of multiple MAPK. Inactivation of T cells by HSV leads to the reduced phosphorylation of LAT at tyrosine residues critical for TCR signal propagation. Treatment of T cells with tyrosine phosphatase inhibitors attenuates inactivation by HSV, and stimulus with a mitogen that bypasses LAT phosphorylation overcomes inactivation. Our findings elucidate a potentially novel method of viral immune evasion that could be exploited to better manage HSV infection, aid in vaccine design, or allow targeted manipulation of T cell function.
T lymphocytes are an essential component of the immune response against HSV infection. We previously reported that T cells became functionally impaired or inactivated after contacting HSV-infected fibroblasts. In our current study, we investigate the mechanisms of inactivation. We report that HSV- W hen T lymphocytes are triggered through the TCR, they elicit powerful immune responses that include production of cytokines and destruction of cells infected with intracellular pathogens. The cytotoxic capacity of T cells is a critical host defense mechanism against most viral infections, including members of the herpesviridae family. For example, the appearance of HSV-specific T cells with cytolytic function against HSV-infected cells corresponds well with viral clearance from lesions (1, 2) , and adoptive transfer studies suggest that HSVspecific T cells can protect against HSV challenge in mice (3) . Despite the presence of HSV-reactive T cells, HSV causes substantial human morbidity. The seroprevalence rate of HSV-1 in the United States approaches 90% in certain populations (4) , and HSV-2 is the leading cause of genital ulcers worldwide (5) . Onethird of those infected with HSV experience recurrent, painful mucocutaneous ulcers as a result of viral reactivation (6) . Although uncommon, more serious complications of HSV infection include keratitis, the leading cause of corneal blindness in the developed world (7), fatal sporadic encephalitis (8) , and disseminated multiorgan disease in immunocompromised individuals (9) . In addition, a synergistic relationship exists between HSV infection and transmission of HIV (10) .
Although primary infection with HSV elicits cellular and humoral responses, neither HSV-specific T cells nor neutralizing Abs are sufficient to prevent recurrence of HSV (11) . This suggests that immune modulation strategies may be crucial in the life cycle of HSV. Given the role of T cells in controlling HSV infection, it is perhaps not surprising that HSV has evolved mechanisms to specifically evade and inhibit T cell function. For example, the ICP47 protein of HSV inhibits the TAP-mediated loading of peptides on MHC class I (12) . This leads to down-regulation of MHC on the surface of HSV-infected cells and to decreased CTL killing in vitro (13, 14) . If HSV-specific CTL do recognize HSV-infected cells, the CTL release granules that induce apoptosis in the infected target cell. To inhibit this pathway, the HSV gene products of U S 3 and U S 5 inhibit apoptosis induced by CTL via the granzyme B and Fas pathways (15, 16) .
Although HSV-infected cells can evade T cell recognition and inhibit T cell-induced apoptosis, they are eventually recognized and removed with the help of HSV-specific T cells. To do this, T cells must ultimately be triggered through the TCR. TCR ligation initiates a signal that propagates from the plasma membrane to the T cell nucleus. A driving force in TCR signal transduction is protein phosphorylation, mediated in part by protein tyrosine kinases (17, 18) . Proximal events in the TCR cascade lead to the phosphorylation and activation of Lck and Zap70. Once activated, Lck and Zap70 phosphorylate linker for activation of T cells (LAT), 3 an adapter molecule that anchors multiple signaling complexes (19) . Tyrosine phosphorylation of LAT is required for downstream events, such as calcium mobilization and activation of MAPK in the Ras pathway (20) . These events ultimately lead to release of cytotoxic granules and increased cytokine synthesis. When activated through the TCR, T cells have the ability to destroy healthy host tissue as well as infected cells. Therefore, activation of T cells through the TCR is tightly regulated. One method of TCR signal regulation occurs through the balance of phosphorylation and dephosphorylation reactions within the T cell, i.e., protein tyrosine phosphatases are thought to offset the action of protein tyrosine kinases (21) .
Our laboratory has previously reported that contact between CTL and HSV-infected fibroblasts inhibited CTL cytolytic and cytokine effector functions, a process we have termed inactivation (22) . In this report, we demonstrate that the inactivation of T cells by HSV requires viral penetration but not viral gene expression. Furthermore, we report that HSV inhibits TCR signaling machinery at the level of LAT, perhaps in part due to reduced tyrosine phosphorylation of LAT. The inactivation of T cells by HSV may represent a previously unrecognized mechanism of viral-induced immune regulation, whereby entry of HSV protein into T cells profoundly inhibits TCR signal transduction by altering the tyrosine phosphorylation equilibrium.
Materials and Methods

Cell lines and viruses
The HLA-A3-restricted CD8 ϩ CTL clone KSN, provided by E. H. Warren (Fred Hutchinson Cancer Research Center, Seattle, WA), was stimulated using a 14-day schedule as previously described (23) . The Jurkat immortalized T cell clone E6-1, purchased from American Type Culture Collection (ATCC), was maintained between 2 ϫ 10 5 and 1 ϫ 10 6 cells/ml in RPMI 1640 supplemented with 4 mM HEPES, 3 mM L-glutamine, 10% FCS. Human fibroblasts, obtained from human foreskin samples, were used from passages 5 to 12 and maintained in DMEM, 10% FCS, 50 U/ml penicillin, and 50 g/ml streptomycin. Vero cells, used to propagate and titer HSV unless noted otherwise, were obtained from ATCC and grown in the same medium as fibroblasts. Cells were screened regularly for mycoplasma by the Biologics Production Facility at the Fred Hutchinson Cancer Research Center.
The wild-type viruses HSV-1 (strain F), HSV-2 (HG52), and the gJ deletion mutant (RAS116) were previously described (22) . HSV-1 (KOS), obtained from J. A. Blaho (Mount Sinai School of Medicine, New York, NY), was originally from S. Silverstein (Columbia University, New York, NY). The HSV-1 (F) gD deletion mutant (vRR1097), originally from R. J. Roller (University of Cambridge, Cambridge, U.K.) (24) , the HSV-1 (SC16) gH mutant (SCgHZ), originally from T. Minson (University of Iowa, Iowa City, IA) (25) , and the HSV-1 (F) gE and gI deletion mutants (F-gE-GFP and F-gE-GFP) (26) were provided by D. C. Johnson (Oregon Health and Science University, Portland, OR). vRR1097 was grown on the gD-complemented cell line VD60 (27) , and SCgHZ was grown on the gH-complemented cell line F6 (25) . The HSV-1 (KOS) mutants deleted for gB (K082), originally obtained from N. A. DeLuca (University of Pittsburgh School of Medicine, Pittsburgh, PA) (28), gL (gL86) (29) , and gC ⌬C2-3 (30) were provided by P. G. Spear (Northwestern University, Chicago, IL). Complemented mutant viral stocks had at least a 10 4 -fold differential when titered on their complementing cell lines compared with Vero cells. The HSV-1 (KOS) mutants, ⌬7-21 (31), and D30P (32) , have mutations in gD that abolish interactions with HVEM but not nectin-1. These mutants retain the ability to replicate in Vero cells.
Abs and the HSV entry blocking (EB) peptide
The anti-CD3 mAb, OKT3 (Ortho McNeil), was used to trigger TCR signal transduction in primary CTL and Jurkat T cells. For detection of cytokine production by flow cytometry, PE-conjugated anti-IFN-␥ clone 25723.11 (BD Biosciences) was used. ) were obtained from AbCam. mAb clone 45 (BD Pharmingen) was used to detect the 42-kDa alternate transcript of total LAT. mAb clone 11B.12 (Upstate Biotechnology) was used to detect the 36-and 38-kDa transcripts of total LAT. The secondary Ab used for flow cytometry was donkey anti-rabbit FITC-conjugated (Jackson ImmunoResearch Laboratories). For immunoblotting, either goat-anti-rabbit or goat-anti-mouse IgG conjugated to HRP secondary Abs were used (Cell Signaling Technology).
The EB (for HSV EB) peptide was used to inhibit fusion of preadsorbed HSV into T cells (33) . The EB peptide (RRKKAAVALLPAVLLALLAP) was synthesized at the Fred Hutchinson Cancer Research Center Proteomics shared facility using an automated 12-channel Rainin-PTI Symphony instrument. The peptide was desalted (Sephadex). Peptide purity was determined by analytical HPLC, and the molecular mass was determined by electrospray ionization mass spectroscopy.
Cytokine production
Detection of intracellular IFN-␥ production in CTL was done as previously described (22) with the following exceptions. Fibroblasts were infected overnight at a multiplicity of infection (MOI) of 10 in the presence of 50 M acyclovir. CTL were inactivated by coincubation with HSV-infected fibroblasts for 6 h, removed, and stimulated with immobilized anti-CD3 mAb for 6 h, the final 4 h in the presence of brefeldin A. OKT3 was immobilized on tissue culture wells at 10 g/ml in PBS for 16 h at 37°C.
Detection of secreted IL-2 by Jurkat T cells was as follows. Jurkat T cells were inactivated as described above for CTL. TCR stimulation was done with immobilized OKT3 at 10 g/ml for 24 h at 37°C without brefeldin A. Production of secreted IL-2 by Jurkat T cells was detected in triplicate by ELISA (Fred Hutchinson Cancer Research Center core facility).
Calcium flux
Jurkat T cells were inactivated on HSV-infected fibroblasts as described above. Alternatively, T cells were treated with UV-inactivated HSV. UV treatment was performed in a Stratalinker (1 joule) on ice, and inhibition of viral gene expression was verified by titer reduction (our unpublished observations). T cells were then incubated in culture medium with 2 M of the calcium-binding dye indo-1 AM (Molecular Probes) for 30 min at 37°C with agitation halfway through dye loading. Cells were then washed twice, once in culture medium and once in calcium buffer (HBSS containing 1 mM CaCl 2 , 0.5 mM MgCl 2 , 0.5 mM Mg SO 4 , and 0.5% BSA) before incubating in calcium buffer for 15 min at 37°C to allow de-esterification of indo-1 AM. Samples were analyzed on a LSR1 flow cytometer (BD Biosciences) to obtain a baseline, stimulated with OKT3 at 3 g/ml, and immediately placed back on the cytometer. A plot of the 400 -510 nm fluorescence ratio vs time (CellQuest software; BD Biosciences) was used to determine the percentage of cells that fluxed calcium.
Transfection of Jurkat T cells with a HSV-reporter construct
To detect entry of HSV protein into T cells, we used pMLP01, a plasmid having the Eschericiha coli lacZ gene under control of the HSV-1 ICP4 promoter and expressing ␤-galactosidase upon infection of cells with HSV (29) . Transfection was done with 2.4 l of DMRIE-C lipid transfection reagent, 1.6 g of plasmid, and 8 ϫ 10 5 cells as per manufacturer's protocol (Invitrogen Life Technologies). Forty-eight hours posttransfection, cells were inactivated on HSV-infected fibroblasts in the presence of acyclovir, Formalin-fixed, and stained with X-gal to visualize the HSV VP16 protein as previously described (29) . Typical transfection efficiencies in Jurkat T cells using this protocol are 5% at 48 h using the pEGFP plasmid (our unpublished observations).
Detection of phosphoproteins
CTL or Jurkat T cells were inactivated and either not stimulated or stimulated with OKT3. Cells were incubated with OKT3 at 10 g/ml for 15 min on ice followed by cross-linking with goat-anti-mouse Ab at 15 g/ml for 15 min on ice. Cells were then incubated at 37°C for 10 min for phosphorylated ERK (pERK), for 5 min for pMEK and pJNK, or for 2 min for pZap70 and pLAT. As an alternative to TCR stimulation, cells were treated with 20 ng/ml PMA plus 1 g/ml ionomycin (Sigma-Aldrich).
For flow cytometric analysis following TCR stimulation, cells were then fixed with 2% paraformaldehyde for 10 min at 37°C followed by drop-wise addition of ice-cold methanol to a final concentration of 90%. Cells were then incubated on ice for 30 min, washed once with buffer (PBS, 0.8% BSA), and incubated with the primary Ab at a 1/100 dilution for 30 min at 25°C. Cells were washed once and incubated with secondary Ab at a 1/200 dilution for 30 min at 25°C in the dark. Cells were washed once and analyzed on a FACSCalibur flow cytometer (BD Biosciences).
For detection of phosphoproteins by Western immunoblotting following stimulation, cells were then lysed for 30 min on ice in lysis buffer (1% Nonidet P-40, 0.25% sodium deoxycholate, 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EGTA, 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, 1 g/ml N-tosyl-L-phenylalanine chloromethylketone, and 1 g/ml N-␣-ptosyl-L-lysine chloromethylketone). Nuclear and cellular debris were removed by centrifugation, and cell lysates were boiled in denaturation buffer (55% sucrose, 20% SDS, bromphenol blue, 2-ME, 1M Tris-HCl (pH 7)) for 5 min. Lysates were separated on 4 -12% SDS-PAGE gels (Invitrogen Life Technologies), transferred to nitrocellulose membranes, and blocked with PBS/5% milk. Membranes were probed with primary Abs following the manufacturer's suggested protocol followed by detection with HRPconjugated secondary Ab. Signals were examined with the SuperSignal chemiluminescent substrate (Pierce).
Results
Jurkat T cells inactivated by HSV-infected fibroblasts have reduced cytokine synthesis and reduced calcium mobilization following TCR stimulation
Jurkat T cells are an immortalized T cell line used to study TCR signaling events (34) . Jurkat T cells were incubated on mock-infected fibroblasts or HSV-infected fibroblasts and stimulated with immobilized OKT3 mAb to induce signaling through the TCR (35) . We have previously reported that primary CTL inactivated by HSV-infected fibroblasts had reduced IFN-␥ synthesis in response to TCR stimulation (22) . Jurkat T cells inactivated by HSV-infected fibroblasts also had marked inhibition in cytokine synthesis (IL-2) following TCR ligation (Fig. 1A) . IL-2 was analyzed instead of IFN-␥ in Jurkat T cells due to vastly superior response levels (36) . We next examined whether HSV-inactivated T cells could flux calcium in response to TCR stimulation. In Jurkat T cells incubated on mock-infected fibroblasts, TCR stimulation rapidly increased intracellular calcium mobilization (Fig. 1B) . However, TCR stimulation did not lead to increased calcium flux in T cells inactivated by fibroblasts infected with HSV-1 or HSV-2 (Fig. 1B ). These findings demonstrate that TCR signal transduction and downstream effector function are profoundly inhibited in Jurkat T cells inactivated by HSV-infected fibroblasts.
HSV-infected fibroblasts require viral glycoproteins involved in entry to inactivate T cells
To assess the role of viral entry in inactivation, we examined whether fibroblasts infected with various HSV glycoprotein deletion mutants could inactivate T cells. Fusion of the viral envelope with the cellular plasma membrane requires the HSV glycoproteins gD, gB, gH, and gL (25, 27) . The essential glycoprotein deletion viruses used in these experiments were complemented. A complemented virus contains the glycoprotein in its envelope and is capable of one round of infection in fibroblasts but produces progeny that lack the essential glycoprotein and, thus, cannot spread to T cells. Fibroblasts infected with wild-type HSV-1 or HSV-2 were capable of inactivation, as demonstrated by reduced calcium flux in Jurkat T cells (Fig. 1B) and by reduced cytokine (IFN-␥) synthesis in primary T cells (Fig. 1C) . In contrast, fibroblasts infected with HSV mutants containing deletions in gB, gD, gH, or gL could not inactivate T cells (Fig. 1, B and C) .
HSV mutants lacking gB, gD, gH, or gL (glycoproteins all required for viral entry) could not inactivate T cells. This indicated that HSV entry into T cells might be required for inactivation. Alternatively, the cellular receptors that bind these glycoproteins might transmit an inactivating signal to T cells. To distinguish these possibilities, we examined the role of two additional HSV glycoproteins that enhance cell-to-cell transmission of HSV, gE and gI (37, 38) . As seen with the essential glycoprotein mutants, fibroblasts infected with the HSV gE or gI deletion mutants did not inactivate T cells (Fig. 1, B and C) . In contrast, deletions of glycoproteins that do not play a role in HSV entry or cell-to-cell viral spread, gC or gJ, had no effect on inactivation (Fig. 1B) . T cell inactivation by HSV-infected fibroblasts requires HSV glycoproteins involved in envelope fusion and cell-to-cell viral transmission, while glycoproteins that are not required for viral entry are not required for inactivation. These results suggest that inactivation involves HSV entry into T cells.
Inactivation requires viral adsorption but not binding to HVEM
The role of the gD ligand in HSV fusion to the plasma membrane is mediated by binding to three classes of cell surface receptors that include the herpesvirus entry mediator (HVEM or HveA). To determine whether inactivation involved HVEM ligation, we investigated whether HSV gD mutants unable to bind HVEM, ⌬7-21 and D30P (31, 32) , could inactivate T cells. We found that these mutants inactivated Jurkat T cells as well as wild-type HSV (Fig. 1D) 
HSV entry is initiated by an adsorption step that involves binding of the HSV glycoproteins gB and gC to heparan sulfate, a glycosaminoglycan found on many cell surface proteoglycans. Dextran sulfate, a homolog of heparan sulfate, interferes with HSV adsorption and effectively prevents penetration of HSV into cells (39) . When HSV-infected fibroblasts were pretreated with dextran sulfate before incubation with T cells, dextran sulfate effectively inhibited inactivation. As levels of dextran sulfate increased, calcium flux increased in a dose-dependent manner (Fig. 1E) . This result suggests that adsorption of HSV onto T cells is necessary for inactivation.
Inactivation of T cells by direct infection with HSV does not require gE
If viral adsorption and fusion is required for inactivation, then direct infection of T cells with HSV might also lead to inactivation. gE is involved in the spread of HSV from cell to cell, but it does not play a role in a direct viral entry (37, 38) . Thus, if inactivation requires HSV entry, direct infection with HSV would likely not require gE. Indeed, direct infection with both the wild-type HSV and the gE deletion mutants (⌬gE) inhibited calcium flux ( Fig. 2A) . In contrast, T cells incubated with fibroblasts infected with wild-type HSV but not ⌬gE had reduced calcium flux following TCR stimulation (Fig. 2B) . Similar results were obtained with the ⌬gI mutant (our unpublished observation). These experiments demonstrate that HSV alone can inhibit TCR signaling in T cells and that HSV glycoproteins involved in cell-to-cell spread are not required for inactivation in a direct infection model. . HSV was preadsorbed on T cells at 4°C for 45 min before adding EB peptide at 50 M (C) or at the concentrations indicated (D). Cells were incubated for 45 additional min at 4°C, warmed to 37°C to allow entry, and incubated for 5 h before indo-1 AM staining. An irrelevant peptide had no effect on GFP expression or inactivation, and EB peptide was not virucidal i.e., there was no loss in plaque number when HSV was pretreated with 50 M EB peptide, serially diluted, and grown on Vero cells (our unpublished observations). Results represent the average of three independent trials.
Inactivation requires HSV penetration into T cells
To assess the role of HSV entry in T cell inactivation, we infected Jurkat T cells with a HSV construct that expresses GFP upon cellular entry (26) . GFP-HSV-infected T cells were triggered through the TCR and calcium flux was measured. Calcium flux analysis of a mixed population of GFP-expressing T cells demonstrated that inhibition of calcium mobilization was invariably associated with expression of GFP (Fig. 3A) . The percentage of GFP-positive cells infected with GFP-HSV increased as the number of HSV particles per T cell (denoted by MOI) increased. Over a broad MOI range, there was a strong inverse relationship between GFP expression in T cells and the ability to flux calcium (Fig. 3B) .
To further establish the requirement for HSV penetration, we assessed how an inhibitor of HSV fusion affected T cell inactivation. It was previously reported that a peptide denoted EB inhibited HSV entry into cells (33, 40) . The EB peptide consists of an altered membrane-transiting motif derived from the FGF4 signal sequence. Although the exact mechanism of EB peptide action is not known, it has been shown to inhibit the fusion of preadsorbed HSV into cells without decreasing cellular or viral viability. In these experiments, HSV was preadsorbed to T cells on ice. The EB peptide or an irrelevant peptide was then added, and the cells were warmed to allow the energy-dependent process of membrane fusion to occur (30) . At the maximal concentrations of EB peptide tested, there was no reduction in T cell viability (our unpublished observation). Furthermore, we detected no change in calcium flux in T cells incubated with the EB peptide alone, suggesting that the EB peptide did not interfere with TCR signaling (Fig. 3C) . However, the EB peptide effectively rescued the calcium flux response in T cells inactivated by direct infection with preadsorbed HSV (Fig. 3C) . With increasing concentrations of EB peptide tested, there was a dose-dependent decrease in HSV entry (decreased GFP expression) into T cells and a dose-dependent decrease in inactivation (Fig. 3D) . Treatment with an irrelevant peptide did not inhibit GFP expression or inactivation (our unpublished observations). These results confirm that HSV adsorption is insufficient to inactivate T cells and that HSV penetration is required.
Inactivation of T cells by HSV does not require transcription or translation
We have previously reported that HSV-infected fibroblasts inactivated T cells in the presence of acyclovir, an inhibitor of DNA synthesis. HSV DNA could not be detected in T cells inactivated in this manner (22) . To examine whether HSV protein could be detected in T cells inactivated by acyclovir-treated, HSV-infected fibroblasts, we used the HSV reporter-plasmid, pMLP01. pMLP01 expresses ␤-galactosidase under control of the HSV promoter for ICP4 (29) . After penetration and delivery of the HSV tegument protein VP16, cells transfected with pMLP01 can be visualized microscopically, as they turn blue in the presence of X-gal. We were able to detect VP16 in pMLP01-transfected Jurkat T cells incubated on HSV-infected fibroblasts in the presence of acyclovir. However, we were unable to detect VP16 in pMLP01-transfected Jurkat T cells incubated with mock-infected fibroblasts (Fig. 4A) .
We had previously reported that treatment of T cells with an inhibitor of protein synthesis, cycloheximide (CHX), did not prevent inactivation by HSV-infected fibroblasts (22) . In this report, we have demonstrated that HSV protein can transfer to the T cell from HSV-infected fibroblasts in the presence of acyclovir and that direct infection of T cells with HSV leads to inactivation. To investigate the role of the HSV virion in inactivation, we treated Jurkat T cells with UV-treated HSV, or we infected T cells with HSV in the presence of CHX and actinomycin D (ActD), an inhibitor of de novo mRNA synthesis. In ActD-and CHX-treated T cells and with UV-HSV, we observed reduced calcium flux following TCR stimulation (Fig. 4B) . In all of these conditions, HSV gene expression was effectively inhibited as measured by reduced GFP expression using a GFP-expressing HSV construct (our unpublished observations). Taken together, these results suggest that the HSV virion is sufficient to inhibit TCR signal transduction.
ERK is not phosphorylated in HSV-inactivated T cells stimulated through the TCR
Stimulation of T cells through the TCR triggers an intracellular signaling cascade that, among other changes, leads to calcium mobilization and increased phosphorylation of MAPK. We have demonstrated defects in effector functions and in the ability to flux calcium in T cells inactivated by HSV. To determine whether HSV-inactivated T cells have additional defects in TCR signal transduction, we examined whether ERK, a central, downstream player in the TCR signaling machinery, is tyrosine phosphorylated in HSV-inactivated T cells triggered through the TCR. Using a phosphospecific Ab that recognizes the activated, tyrosine-phosphorylated form of ERK (pERK), we analyzed pERK levels in mock and HSV-inactivated T cells. pERK levels in CTL and Jurkat T cells inactivated on HSV-infected fibroblasts were dramatically reduced following TCR triggering as measured by flow cytometry and by immunoblotting (Fig. 5, A and B) . These results suggest that tyrosine phosphorylation of a prominent MAPK is blocked in HSV-inactivated T cells.
ERK is phosphorylated in HSV-inactivated T cells stimulated with PMA and ionomycin
Treatment of T cells with the mitogen PMA plus the calcium ionophore ionomycin has been shown to bypass proximal TCR signaling machinery and maximally activate T cells (41) . Unlike TCR stimulation, stimulation with PMA and ionomycin increased ERK phosphorylation in both mock-treated T cells and HSV-inactivated T cells (Fig. 5C ).
In inactivated T cells, TCR signal transduction is inhibited distal to Zap70
To delineate where the blockade in TCR signaling occurs in T cells inactivated by HSV, we investigated signaling events proximal to calcium mobilization and phosphorylation of ERK. The earliest events in TCR signaling involve tyrosine phosphorylation of the TCR -chain and CD3 by Lck and Fyn, members of the Src family kinases (42) . The activated TCR-CD3 receptor complex recruits and phosphorylates Zap70. Using a phosphospecific Ab against Zap70, we determined that tyrosine phosphorylation of Zap70 occurred normally in HSV-inactivated T cells following TCR-CD3 ligation (Fig. 5D) . In contrast, tyrosine phosphorylation of MAPK distal to Zap70, e.g., JNK and MEK, were inhibited in HSV-inactivated T cells stimulated through the TCR (Fig. 5, E and F) .
Tyrosine phosphorylation of LAT is reduced in HSV-inactivated T cells
The phosphorylated forms of Zap70 and Lck function together to phosphorylate LAT at multiple tyrosine residues, a step that is necessary for TCR signal propagation. Phosphorylation of three of these critical residues (Tyr 132 , Tyr 171 , and Tyr 191 ) are necessary and sufficient to mobilize calcium following TCR stimulation, while complete activation of ERK requires phosphorylation of Tyr 110 and Tyr 226 (43) . LAT is expressed as a 42-kDa form (denoted here as LAT 1 ) that results from alternative splicing and as 36-and 38-kDa forms (denoted here as LAT 2 ) that result from posttranslational modifications (44) . The two smaller forms of LAT are detected by phospho-LAT-specific Abs when T cells are stimulated. We determined that HSV-inactivated Jurkat T cells stimulated through the TCR failed to phosphorylate LAT at Tyr 191 . This was seen as a reduction in both the 36-and 38-kDa bands (Fig. 6A) . The basal phosphorylation level of LAT at Tyr 191 was actually reduced before TCR stimulation (Fig. 6A) . Levels of total LAT were unchanged in the 36-kDa and the 42-kDa forms. There was a slight reduction in the 38-kDa form of total LAT in HSVinactivated Jurkat T cells (Fig. 6B) . We next investigated whether inactivation by HSV reduced the phosphorylation of LAT at additional tyrosine residues involved in TCR signaling (Fig. 6B ). As seen with Tyr 191 , HSV reduced the phosphorylation of LAT at Tyr 132 in both the 36-and 38-kDa bands. In contrast, HSV reduced the phosphorylation of Tyr 171 and at Tyr 226 at the 38-kDa form of LAT but not at the 36-kDa form. The inclusion of ActD did not prevent the observed reductions in LAT phosphorylation, suggesting that de novo transcription in the T cell was not required (Fig.  6B ). To determine whether T cell inactivation is dependent on the decrease in LAT phosphorylation, we treated T cells with tyrosine phosphatase inhibitors (TPI) before and during HSV infection. T cells treated with TPI were not inactivated as well as untreated T cells, further implicating the role of decreased LAT phosphorylation in HSV-induced inactivation (Fig. 6C) .
Discussion
We have shown that T cells inactivated by HSV or HSV-infected fibroblasts have profound inhibition in multiple TCR signaling intermediates as well as multiple downstream defects in effector functions. The reduced levels of tyrosine-phosphorylated LAT, which is critical for TCR signal transduction, may provide a mechanistic explanation for this observed phenotype. Entry of virus into T cells or transfer of a factor from HSV-infected cells is required for this inactivation, but within the T cell, viral replication and viral gene expression are not required. The simplest interpretation of these results is that an HSV virion component is responsible for the reduced levels of phosphorylated LAT. TPI were shown to restore T cell activation, suggesting that the inhibition of TCR signaling by HSV may result from a viral phosphatase or from activation or recruitment of a cellular phosphatase.
One example of modulation of cellular phosphorylation by HSV is the ICP34.5 protein. ICP34.5 is a virion protein that inhibits the action of dsRNA-dependent protein kinase R by activating the cellular serine-threonine protein phosphatase 1 (45, 46) . Others have proposed that cellular protein tyrosine phosphatases, such as CTLA-4 and CD148, are excellent candidates to regulate TCR signaling, as they have been shown to inhibit proximal TCR signal transduction by inhibiting phosphorylation of Zap70 (47) and LAT (18) , respectively, in T cells. Although no known HSV proteins have been reported to inhibit TCR signaling, the tyrosine kinaseinteracting protein of Herpesvirus saimiri has been shown to inhibit TCR signaling by inhibiting Zap70 phosphorylation (48) .
Zap70 phosphorylation was intact in HSV-inactivated T cells stimulated through the TCR. However, the next step in TCR signaling, tyrosine phosphorylation of LAT, did not occur normally. The essential role of LAT in TCR signaling has been demonstrated in LAT-deficient Jurkat T cell mutants (20) . When stimulated through the TCR, signaling in LAT-deficient mutants does not proceed to downstream events such as calcium flux and ERK phosphorylation. Before TCR stimulation, we observed that HSV-inactivated T cells had decreased basal levels of LAT phosphorylated at Tyr 132 and Tyr 191 , residues necessary for calcium mobilization in Jurkat T cells stimulated through the TCR (43) . The interpretation of phosphorylation of LAT at Tyr 171 and Tyr 226 is more complex, as total LAT levels were also reduced slightly at the 38-kDa form. It is possible that HSV-induced inactivation sequesters or degrades this form of total LAT. Alternatively, it may be that the reduction in phosphorylation of this form of LAT leads indirectly to decreased stability. The reduction in LAT phosphorylation may result from decreased kinase activity or increased phosphatase activity in HSV-inactivated T cells. Reduced phosphorylation of LAT would provide a plausible explanation for the TCR-signaling block detected at the level of LAT. Two findings strengthened this reasoning. First, TPIs reversed inactivation. Second, the inactivating block at LAT was bypassed by stimulation with PMA plus ionomycin. PMA activates protein kinase C and ionomycin mobilizes calcium leading to the activation of ERK (49, 50) , steps that are distal to the phosphorylation of LAT in TCR signal transduction. HSV can infect primary T cells and Jurkat T cells (51, 52) , and HSV infection may induce apoptosis or lead to lytic destruction of the T cell (53) . HSV-induced lysis or apoptosis might explain the observations made by several groups, wherein contact with HSVinfected fibroblasts diminished the cytotoxic capacity of various immune cells (38, 54 -57) . The molecular mechanisms of inhibition of immune cell function were not determined in these reports. We have previously reported that T cells inactivated by HSVinfected fibroblasts in the presence of acyclovir were not productively infected nor apoptotic (22) . Subsequent to that report, we determined that serum from HSV seropositive patients diminished the ability of HSV-infected cells to inactivate T cells, while serum from HSV seronegative patients had no effect. In addition, cells from several species infected with HSV could inactivate T cells (our unpublished observations). At that time, we considered the possibility that a viral protein expressed on the surface of HSVinfected cells might be responsible for inactivating T cells. To evaluate this hypothesis, we began looking for HSV glycoproteins that were required for inactivation. Fibroblasts infected with a HSV mutant deleted for gJ or gC, glycoproteins not involved in HSV entry, were able to inactivate T cells. In contrast, deletions in gB, gD, gH, gL, gE, or gI abolished inactivation by HSV-infected fibroblasts. Each of these glycoproteins is involved in viral fusion or viral cell-to-cell spread. Given our findings that multiple glycoproteins involved in HSV entry are required to inactivate T cells, it seems unlikely that ligation of multiple cellular receptors inhibits TCR signaling in the absence of HSV entry.
HSV gD binds modified forms of heparan sulfate, nectin-1, nectin-2, and HVEM (58) . HVEM has two known cellular ligands LIGHT and B and T lymphocyte attenuator, each reportedly found on T cells. Although binding of HVEM to LIGHT can send a costimulatory signal to T cells (59) , binding of HVEM to B and T lymphocyte attenuator can send a coinhibitory signal to T cells FIGURE 6. Tyrosine phosphorylation of LAT is reduced in HSV-inactivated T cells. A, Jurkat T cells were incubated on mock-infected fibroblasts or inactivated on HSV-2-infected fibroblasts and triggered with OKT3. B, Jurkat T cells were inactivated in the presence or absence of ActD without OKT3 triggering. A and B, T cells were lysed, run on 4 -12% denaturing gel, transferred to nitrocellulose, and blotted with Abs that recognize specific forms of LAT tyrosine-phosphorylated at amino acid residues 191, 132, 171, and 226. Alternatively, blots were probed with mAbs against the three forms of total LAT (LAT 1 recognizes a single band at 42 kDa, LAT 2 recognizes two bands at 36 and 38 kDa). Each blot is representative of at least two experiments for each Ab. C, Jurkat T cells were untreated or treated for 1 h with a mixture of TPI. TPI was maintained throughout the assay. Cells were mock-infected or infected with HSV-1F at an MOI of 125 for 4 h in the presence of acyclovir, and calcium flux was determined as described previously. The results are representative of two independent experiments each. (60) . Therefore, it was important to determine whether HVEM ligation was involved in the inactivation of T cells by HSV. We established that HSV gD mutants that could not bind HVEM could inactivate T cells, suggesting that HVEM is not directly mediating inactivation.
We have reported that the HSV virion is sufficient to inactivate T cells. HSV treated with UV light was capable of inactivating T cells when added directly to the T cells. UV treatment induces thymidine dimers in DNA that inhibits DNA replication and transcription. The UV dosage used did not prevent HSV cell penetration (our unpublished observation). To support the UV-HSV experiment, we demonstrated that inhibitors of transcription and translation (ActD and CHX, respectively) did not prevent inactivation. It should be noted that relatively high numbers of virion per T cell were required to cause inactivation with UV-treated HSV or with HSV infection in the presence of ActD and CHX. This is likely because the only protein available to elicit TCR signal inhibition had to be provided in the virion, as HSV protein would not accumulate during inhibition of de novo transcription and translation.
Although inactivation requires HSV entry into T cells, viral gene expression and viral replication are not required. Acyclovir inhibits DNA synthesis in HSV-infected cells, but acyclovir does not inhibit inactivation of T cells by HSV or by HSV-infected fibroblasts. From our previous report using real-time PCR, HSV DNA could not be detected in T cells inactivated on acyclovirtreated, HSV-infected fibroblasts (22) . In this report, we were able to detect HSV protein in T cells inactivated on acyclovir-treated, HSV-infected fibroblasts. It is possible that HSV protein transfers from HSV-infected cells to T cells without transferring viral DNA. HSV-infected cells can make significant numbers of replicationdefective particles that lack viral DNA and capsids (61, 62) . In the presence of acyclovir, a similar defective HSV particle, the previral replication enveloped particle, can reportedly deliver HSV proteins into cells (63) . If we can confirm that purified HSV replication-defective particles directly inactivate T cells, this may be of considerable interest to researchers studying these particles as vaccine candidates and as gene therapy vectors (64, 65) . In addition, this work may implicate replication-defective particles as a source of immune suppression in HSV reactivation during acyclovir therapy.
As an alternative explanation for our findings, HSV proteins may be able to spread from infected cells to uninfected cells via plasma membrane protrusions, a process that may not involve production of viral particles (66) . It is also possible that another virion component, such as mRNA, could mediate inactivation, although we consider protein(s) to be more likely candidates. Finally, it is possible that the fusion process alone may be sufficient for inactivation. Penetration of HSV has been associated with tyrosine phosphorylation of cellular proteins (67) and with activation of calcium-signaling pathways (68) . However, there have been no previous reports of TCR signal inhibition or reduced tyrosine phosphorylation associated with HSV fusion or entry.
In this report, we have outlined a novel mechanism of viral immune evasion, whereby HSV virion protein profoundly inhibits TCR signaling. Inactivation involves reduced phosphorylation of LAT at tyrosine residues that are critical for TCR signal transduction, providing one possible mechanism for the inhibition of T cell effector function by HSV. A complex relationship exists between T cells and HSV. Although T cells are needed to control HSV infection, they do not eradicate HSV or prevent reactivation. The direct effect that HSV has on the T cell is not well understood, and it may be that inactivation gives HSV an advantage in the establishment of latency or during reactivation. At this time, there is no evidence that HSV inhibits T cell function in vivo. It seems unlikely that HSV systemically inactivates T cells, given that the high prevalence rate of HSV-1 does not lead to a generalized immunocompromised state. A more likely scenario for the in vivo relevance of HSV-induced inactivation is a localized effect that stuns T cells long enough to allow HSV to establish latent infection. Regardless of the possible in vivo relevance of inactivation in HSV pathogenesis, a mechanism to specifically inhibit TCR signaling could be of benefit in a variety of diseases involving insufficient or excessive T cell function, e.g., tumor surveillance (69), transplant rejection (70) , and graft-vs-host-disease (71) . Understanding how HSV inactivates T cells may provide insight to better manage HSV infection. In a broader sense, the ability to directly inhibit TCR signal transduction by dephosphorylating LAT may ultimately allow targeted manipulation of T cell function.
Disclosures
The authors have no financial conflict of interest.
